Abstract. This paper reports on the density of silica aerogels after low-and high-temperature supercritical drying as well as on the corresponding optical refractive index. The influence of adsorbed water or methanol has also been investigated. Aerogel samples are prepared via soI3el process of pH 11 and pH 13 tetramethoxysilanehnethanolfwater solutions using ammonia as catalyst. After high-temperature drying, the pH 11 aerogels show volume shrinkage of less than lo%, while pH 13 aerogels and aerogels dried at low temperature with carbon dioxide shrink by about 50%. A linear relationship between refractive index and density is observed. Its slope is (0.221 f 0.002) x m3 kg-' and (0.193 f 0.002) x m3 kg-' before and after thermal treatment at 500°C for 14 h in air, respectively. The larger value is due to hydroxyl or methoxy groups in the aerogel. Adsorbed water or methanol cause the index to increase, as do molecules. The distribution of Si02 on the nanoscoDic level does not influence the index.
Introduction
Silica aerogel is a nanostructured porous transparent or translucent solid material, prepared by a sol-gel process with subsequent supercritical drying [l-31. With its low thermal conductivity at ambient temperature silica aerogel is a promising material for transparent insulations [4] . Its optical transparency is influenced by the reaction parameters upon preparation. Small angle x-ray scattering ( S U S ) and optical scattering measurements reveal that aerogel made at pH 13 is composed of smaller particles than pH 11 aerogel and has a higher transparency than the latter [5] . The optical scattering of aerogel is characterized by bulk and exterior surface scattering. The former is nearly isotropic and can be interpreted by Rayleigh-Debye scattering theory; the latter is strongly forward peaked with a correlation length of about 1000 nm 161 and is caused by surface imperfections and impurities (such as Si02 clusters, Si02 fragments, or dust particles). The nanostructure of silica aerogel can also be influenced by the supercritical drying process. The growth of particles due to Ostwald ripening was observed for pH 11 aerogels during high temperature supercritical drying (HTSD) with methanol, while the low temperature supercritical drying (LTSD) with carbon dioxide hardly aKects the 0022-3727/94/020414+05$07.50 0 1994 IOP Publishing LM tenuous structure of the body [7] . Condensation during HTSD, which results in isotropic shrinkage and structural transformation, was also reported for acidic alcogels and basic alcogels at pH 8 [8] . In this paper we present experimental data on shrinkage of silica aerogels dried via HTSD and LTSD. The corresponding optical refractive indices are measured as a function of density. The influence of adsorbed methanol and water has also been investigated.
The two-phase media model
The nanostmcture of a silica aerogel with colloidal particles may be interpreted by the two-phase media model (91. In this model the aerogel is assumed to consist of two phases with constant mass density: the silica solid phase with a mass density es and the void phase (ep = ed, = 1.29 kg nr3). The two phases occupy volume fractions Os and Op, respectively, with Os + eP = 1. The correlation length of the solid phase 12 is about 5 nm and the pore size 1, is in the range from 1 to 100 nm [lo] . According to the ClausiusMossotti formula [l 11, one obtains the effective index of refraction n by averaging over the solid phase and where n, is the index of the solid phase and np the index of air. With n = I, = e/es and np = 1, equation
(1) can be written as Thus (n -1) is proportional to the macroscopic aerogel density e. Assuming that the solid phase has the same mass density as pure silica glass, one gets K = 0.187 x lo-' m3 kg-' at a wavelength of 632.8 nm. Taking into account the residues (such as water or organic groups) in the aerogel, an additional term has to be inserted into equation 
Experimental arrangement and specimens
The relative refractive index is measured by the minimum angle deviation method using a He-Ne laser at a wavelength of 632.8 nm (figure 1). Laser light entering the transparent aerogel sample from the left is refracted both at the entrance and at the exit. By rotating the aerogel sample, the minimum deviation angle S , , is determined, from which the relative index n can be obtained Macroscopic densities e of pH 11 and pH 13 aerogels: pH 11 aerogels after low-temperature (0) and high-temperature (7) supercritical drying; pH 13 aerogels alter low-temperature (U) and high-temperature (x) supercritical drying: the solid line represents the calculated density from the SiOp mass in the used tetramethoxysilane and the available volume. The aerogel samples are prepared via a sol-gel process, using tetramethoxysilane (TMOS), methanol and water, and ammonia as catalyst. Supercritical drying is performed with respect to carbon dioxide at low temperature (40°C) and methanol at high temperature (300°C). The molar ratio ,"%water is taken to be 1:4. Methanol in different amounts is used to control the final densities of the sample. The alcogels are aged for IO days. Two ammonia concentrations of 0.001 M and 0.1 M in the starting solution are used to catalyse hydrolysis and condensation reactions. The corresponding aerogels are denoted as pH 11 or pH 13 aerogels.
The macroscopic densities of pH 11 and pH 13 specimens are shown in figure 2 as a function of the TMOS, water and methanol in the s w i n g solution of the sol-gel process. The measurement errors are shown for the pH 11 specimens (v) . The theoretical density is calculated from the corresponding Si02 mass within the volume of the entire starting solution. Aerogels catalysed at pH 11 show densities close to the theoretical ones, if one considers a volume shrinkage of about 10%. The pH 13 samples show a shrinkage of 50% after HTSD: after LTSD all investigated samples show a shrinkage of about 50% by volume.
A11 specimens are isothermally baked at 500°C for 14 hours to get rid of residual methanol and water. Owing to the thermal treatment some shrinkage occurs, which leads to an increase in density of about 15%. Measurements of the refractive index are performed before and after the thermal treatment.
Experimental results

4.1.
The IR optical data for the thermal treatment In order to observe removal of residual water and methanol, the 1R transmission was measured in the wavelength region 2.5-8 pm, which is representative for the absorption of water and methanol. Figure 3 shows the spectra of a pH 11 aerogel sample dried by LTSD with a density of 233 kg m-3 and a thickness of 0.3 mm. Without thermal treatment, the sample shows strong absorption peaks of water at 3 pm and 6.1 pm, silanol groups (Si-OH, 2.7 pm), and methoxy groups (Si-OCH3, 3.4 p m and 3.5 pm). After thermal treatment, the water and methoxy groups are removed, while the silanol peak increases. If the sample is exposed to air, moisture is re-adsorbed onto the Si02 skeleton. Figure 4 shows the adsorbed moisture mass of an aerogel sample depending on the exposure time to air after thermal treatment: The sample is prepared with the same parameters as used for the IR measurements and a volume of (1.5 x 1.5 x 0.5) om3. The sample adsorbs most of the moisture within the first hour, thereafter it reaches a saturation value of about 8 x which depends on the ambient moisture content. 
4.2.
The refractive index of silica aerogels Figure 5 shows the measured refractive indices of both pH 11 and pH 13 specimens as a function of density at A = 632.8 nm. The pH 11 aerogel is dried with LTSD, while the pH 13 aerogel is dried with HTSD. Aerogels produced at DESY using HTSD [12] were also measured. The upper curve shows the indices without thermal treatment. The full line is fitted to the data using equation (3) and has a slope of K' = (0.221 f 0.002) x m3 kg-'. After thermal treatment, the refractive index is smaller and the fitted slope is K' = (0.190 f 0.002) x low3 m3 kg-'; it increases to about K' = 0.193 x m3 kg-' after exposure to ambient air for two weeks. We recognize that the drying processes and the pH values have no influence on the refractive index.
Influence of adsorbed material on the refractive index
In order to determine the influence of adsorbed water and methanol, the refractive indices of aerogels with varying amount of adsorbed methanol were measured (figure 6). Two aerogel samples were placed in saturated water or methanol vapour after thermal treatment. The measured increase of refractive index with increasing water or methanol content agrees with the theoretical predictions: the lower (upper) full line corresponds to equation (3) with Kk,,, (K,&anal).
Discussion
I d u e n c e of preparation conditions on density
Supercritical drying prevents the capillary stresses induced by vapour-liquid interfaces. Nevertheless, structural transformations of the gel can occur during HTSD due to further condensation in the autoclave. This Properties of silica aerogels after dying From this value and the macroscopic density, the pore volume fraction can be calculated.
The residues of free water and methanol as well as the chemically bonded hydroxyl and methoxy groups generally increase the refractive index. The water is easily removed by thermal treatment. The methoxy groups also disappear after thermal treatment at 500 "C in air. The silanol peak at 2.7 p m intensifies during thermal treatments, because some of the methoxy groups convert to silanol groups:
The silanol groups are dificult to remove and can be detected even after sintering at 950°C [16] . After thermal treatment the relationship of index and density is linear with a slope of (O.I90&O.O02) x m3 kg-I, which is between the value 0.187 x lo-) m3 kg-I for pure silica and 0.198 x m3 kg-I for silica with one hydroxyl group per surface silicon atom at the inner surface. Thus the derived slope indicates that the hydroxyl groups do not occupy all surface silicon atom sites after thermal treatment. The slope values reported for aerogels of 0.210 x m3 kg-I [I21 and 0.25 x m3 kg-I [13] can be explained with a different residue content.
The refractive index has also been measured at a wavelength h = 543.5 nm. As discussed in [IO] , in the visible region the index is almost independent of the wavelength. The derived values are indeed identical to those at h = 632.8 nm. effect is well known for acidic gels and results in strong shrinkage [8] . Colloidal gels, such as those catalysed at pH 11, consist of relatively large particles. The network branches are coarser and more widely spaced than in acidic gels. Ostwald ripening, in which material from surfaces with high curvatures is transformed to the necks between particles [7] , stiffens the network. Formation of new bonds between branches is relatively unlikely and thus little contraction is expected. Under exceedingly basic conditions of pH 13, smaller particles are formed [5] . Further condensation is possible at elevated temperatures during HTSD, which results in strong shrinkage of these aerogels.
During LTSD, both pH 11 and pH 13 aerogels show the same strong shrinkage. As the temperatures are low, chemical reactions as during HTSD are unlikely to occur. The LTSD process is performed via exchange of methanol by liquid carbon dioxide in an autoclave. This exchange is a diffusive process involving different diffusion coefficients. When a wet alcogel is immersed in the liquid carbon dioxide, the volume fluxes into and out of the gel are thus not equal [141, which causes a transient volume change. As diffusional stresses act on the macropores of the gel, it is not an easy task to dry large pieces of alcogel via LTSD without inducing cracks. In addition, this substitution leads to achange of surface energy, which causes permanent shrinkage of the wet gel. Also a permanent swelling of wet low-density gels is observed, for example for acetonitrile-acetone exchange.
Molecular structure and refractive index
The experimental data (figure 6) show that the refractive index does not depend on the distribution of matter on the nanoscopic scale, but on the macroscopic density. Indeed, according to the Clausius-Mossotti formula, the term (E: -I)/@: + 2) in equation (2) is propotional to the solid phase density e$, thus the factor K is independent of e.. Experimentally, the solid phase density is determined to be about 1600 kg m-3 [15].
Conclusion
For the application of aerogels in Cerenkov detectors, where the index of refraction is a critical quantity, it is important to determine the index prior to usage. It is also essential to keep the aerogel material in a controlled environment in order to exclude changes of n due to adsorption of ambient moisture.
If the density of aerogels is to be derived according to the minimum angle deflection method, one has to be aware of the possible errors introduced by molecules physisorbed or chemisorbed at the inner surface. An infrared optical transmission measurement may help to reduce the uncertainties.
